We have created a clinical molecular diagnostic assay to test for microsatellite instability (MSI) at multiple loci simultaneously in paraffin-embedded surgical pathology colon resection specimens. This fluorescent multiplex polymerase chain reaction (PCR) assay analyzes the five primary microsatellite loci recommended at the 1997 National Cancer Institute-sponsored conference on MSI for the identification of MSI or replication errors in colorectal cancer: Bat-25, Bat-26, D2S123, D5S346, and D17S250. Amplicon detection is accomplished by capillary electrophoresis using the ABI 310 Genetic Analyzer. Assay validation compared 18 specimens previously assessed by radioactive PCR and polyacrylamide gel electrophoresis detection to results generated by the reported assay. Germline and tumor DNA samples were amplified in separate multiplex PCR reactions, sized in separate capillary electrophoresis runs, and compared directly to identify novel length alleles in tumor tissue. A concordance of 100% between the two modalities was achieved. The multiplex assay routinely detected a subpopulation of 10% tumor alleles in the presence of 90% normal alleles. A novel statistical model was generated that corroborates the validity of using results generated by analysis of five independent microsatellites to achieve a single overall MSI diagnosis. The assay presented is superior to standard radioactive monoplex PCR, polyacrylamide gel electrophoretic analysis, primarily due to the multiplex PCR format. (J Mol Diag 2000, 2:20 -28)
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Microsatellite instability (MSI), or replication error, is a manifestation of genomic instability arising in a variety of human neoplasms where tumor cells have a decreased overall ability to faithfully replicate DNA. This phenomenon has been shown to be a frequent, if not obligatory, surrogate marker of underlying functional inactivation of one of the human DNA mismatch repair (MMR) genes. [1] [2] [3] [4] [5] [6] Functional loss of a MMR gene occurs due to biallelic inactivation via some combination of coding region mutation, loss of heterozygosity (LOH), and/or promoter methylation. 7, 8 Germline mutation of a MMR gene has been shown to be the autosomal dominant genetic defect in most hereditary nonpolyposis colon cancer (HNPCC) kindreds. 9, 10 A second hit incurred by tumor cells in HNPCC individuals results in biallelic inactivation of the specific MMR gene, causing loss of faithful replication of microsatellite DNA in tumor. 11 MSI is thus a marker of an underlying DNA mismatch repair defect and, additionally, is associated with enhanced mutation rates in coding DNA. 12, 13 This mutator phenotype, which results from the MMR defect, causes both coding region base substitutions and frameshift mutations at direct repeats, each occurring at equal frequencies, 14 in addition to resulting in MSI. Generation of MMR defects and the resultant mutator phenotype is thought to be an early event in tumorigenesis 15 and has been suggested to occur as early as the aberrant crypt focus stage. 16 Although implicating a germline defect in HNPCC families, MSI is also found in 15 to 20% of sporadic colorectal cancers, 17 where the finding also reflects an overall increase in genomic instability. Several reports have associated the finding of MSI defects in tumors with a better prognosis in stage-for-stage matched tumors. 18, 19 Thus, it may become important clinically to identify tumors with MSI not only to implicate germline MMR defects (HNPCC families), but also for prognostic stratification. While clinical (Bethesda guidelines 20 ) and histopathological features 21 may raise the suspicion that a colorectal tumor is microsatellite-unstable and perhaps has arisen in an HNPCC family, clinicopathological features are insufficient to diagnose the presence of MSI; thus, direct molecular testing has importance in documenting the MSI status of a clinically suspicious tumor. 22 Many different microsatellite markers or loci have been used by different investigators to identify MSI in tumors. Controversy has existed among experts as to which and how many loci should be analyzed to diagnose MSI. In an attempt to gain the most information from research trials and to provide uniformity in clinical diagnosis, the Na-tional Cancer Institute (NCI) held an international meeting of MSI investigators in 1997 to create more consistent parameters for defining MSI in colorectal cancer (CRC) and to recommend microsatellite markers for use in CRC MSI testing in both clinical and research settings. 22 Performing MSI assays using the five primary loci identified at the NCI MSI conference by standard radioactive monoplex polymerase chain reaction (PCR) and polyacrylamide gel electrophoresis (RMo-PAGE) requires a total of 10 separate PCR reactions (1 tumor and 1 normal DNA sample for each case, 5 loci assessed for each DNA sample), in addition to labor-intensive sequencing gel detection.
The logistic difficulty of RMo-PAGE analysis led us to create a fluorescent multiplex PCR-capillary electrophoresis (FM-CE) assay using the five primary loci identified by investigators at the NCI-sponsored consensus conference. 22 This format permits simultaneous amplification of all five loci in a single PCR reaction, with subsequent detection of amplicon length alterations using the automated ABI 310 Genetic Analyzer. We have also examined the validity of this overall approach to clinical MSI diagnosis by creating and applying a novel statistical model to the problem. Using this model, we have examined the number of loci and degree of microsatellite informativity required to achieve sufficient MSI diagnostic sensitivity. Here, we report on the development of assay parameters and the theoretical and practical validation of the assay for clinical use.
Materials and Methods

Cells and Human Tissues
Lymphoid normal and tumor matched cell lines were generously provided by Dr. James Willson at Case Western Reserve University (Cleveland, OH). Vaco 670 is a colon cancer cell line known to have MSI due to a defect in the MMR gene, hMSH2. L670 is an Epstein-Barr virustransformed lymphocyte cell line from the same patient as Vaco 670. Tumor and normal tissue blocks for the validation study were obtained from patients' colon resection specimens obtained from the files of Johns Hopkins Hospital Department of Pathology. These specimens had been previously established to possess or lack MSI using the traditional radioactively labeled PCR primer, monoplex PCR, polyacrylamide sequencing gel electrophoresis detection, autoradiography approach 23 (Hamilton SR, manuscript in preparation). The presence or absence of MSI by RMo-PAGE was blinded during FM-CE analysis.
Sectioning and Microdissection
Serial 5-m histological sections of formalin-fixed, paraffin-embedded tissue blocks of normal (N) and tumor (T) were prepared using DNA histology precautions. The first and fifth levels were stained with hematoxylin and eosin (H&E); the sandwiched tissue levels 2, 3, and 4 were mounted unstained on slides. Histological diagnoses were verified by light microscopy for each block using levels 1 and 5, and the areas to be microdissected were marked. Normal or tumor tissue was microdissected from unstained slides for each case by overlaying the unstained slide onto the H&E-stained slide. Dissection of unstained slides was performed in a laminar flow tissue culture hood after UV irradiation.
DNA Isolation
Cell line DNA was isolated by the standard sodium dodecyl sulfate/proteinase K digestion, organic extraction, and ethanol/salt precipitation technique. 24 Tumor and normal DNA from microdissected paraffin embedded tissue was crudely isolated using xylene/ethanol deparaffinization followed by Proteinase K digestion and heat inactivation at 95°C for 10 minutes. Isolated genomic DNA was kept in a dedicated room which was used only to assemble PCR. No PCR products or equipment used in post-PCR analysis ever entered this room.
PCR and Microsatellite Analysis
The 16-l PCR fluorescent multiplex reaction mix pool for each reaction was composed of the following final constituents: 1ϫ AmpliTaq Gold PCR buffer with 1.5 mmol/L MgCl 2 (Perkin Elmer, Foster City, CA), 0.002 mmol/L dNTPs (Perkin Elmer), 0.3 units AmpliTaq Gold DNA polymerase (Perkin Elmer), and primer sets in the final molar amounts listed in Table 1 , with phosphoramidite fluorescent labels as indicated. A 9-l aliquot of the reaction pool mix was used for each individual PCR reaction, with 1 l of normal or tumor sample DNA. Control reactions included a water control for exclusion of contamination and a mix of 90% L670 (N) DNA and 10% Vaco 670 (T) DNA. The 90%/10% cell line mixture served as a combined positive/negative and limit of detection control.
PCR was performed using either a PE 9600 or PE 9700 (Perkin Elmer) thermocycler under the following cycling conditions: initial denaturation 95°C for 9 minutes, followed by 35 cycles of: 94°C for 45 seconds, 55°C for 45 seconds and 72°C for 1 minute, with a final 45 minute, 60°C extension to aid nontemplated adenine addition. Fluorescently labeled PCR products were detected using the ABI 310 Genetic Analyzer and GeneScan Collection software. The following CE run parameters were used: GeneScan Short Tandem Repeat Performance Optimized Polymer (GS STR POP) 4 (1 ml) C module, GS POP 4 polymer, 5-to 10-second injection time at a voltage of 15.0 kV, a 15-kV electrophoresis voltage with a resultant 7-to 9-ampere current at a column temperature of 60°C, and a 20-minute electrophoresis time. GeneScan data analysis parameters were: matrix C virtual filter, 2800 -6000 analysis range, baselining, multicomponent data processing, light peak smoothing, a minimum peak detection limit of 50 relative fluorescent units (RFU), size call range of 50 to 350 bp using the local Southern size calling method, Tamara labeled GS 500 size standard, no split peak correction, and a minimum peak half-width of 3 points.
For the radioactive monoplex PCR/PAGE assay, the loci analyzed were D18S55, D18S58, D18S61, D18S64, and D18S69. Forward and reverse primers (Research Genetics, Huntsville, AL) were used at a 1:1 molar ratio after end-labeling of the forward primer with ␥-32 P-dATP and T4 polynucleotide kinase (New England Biolabs, Beverly, MA). Amplicon detection used standard 7% polyacrylamide sequencing gel electrophoresis and autoradiography as previously described. 25 The size standard was generated using Phi-X 174 digested with HinfI (Gibco/BRL, Rockville, MD), ␣-32 P-dATP, and Klenow (Gibco/BRL) per manufacturer's instructions.
Statistical Model for Interpretation of Multiple Independent Assays
A statistical model was constructed to analyze the diagnostic situation in which multiple independent assays are combined to establish an overall diagnosis, in this case, MSI-High, MSI-Low, or MSS. The following equations were applied to evaluate a population of MMR-defective tumor cells:
ϫ n, and MSI-High ϭ 1.00 Ϫ (MSS ϩ MSI-Low), where I is the constant informativity of each locus and n is the number of loci analyzed. These equations represent a special case of the more generalized binomial distribution equation:
Assay Interpretation
Identification of normal or tumor allele amplicon sizes was accomplished by examining the appropriate electropherogram (N or T) and determining the predominant amplicon size(s) for each allele at each locus (greatest peak height or heights). More than two peaks can be seen at each allele in tumor samples if a shift is present. Each true microsatellite peak should be surrounded by stutter peaks of lower intensity with the appropriate delta (1 base for mononucleotide repeats, 2 bases for dinucleotide repeats) from the dominant peak. Stutter peak sizes can be larger or smaller than the predominant peak, but are more frequently smaller. Those peaks without stutter are considered to be nonspecific amplicons and are disregarded. Stutter peaks are thus considered a signature of amplification of a repetitive element lying within a forward and reverse primer set. Stutter peaks from a shifted dinucleotide locus allele can overlap with the predominant amplicon peak height of the second allele at that locus, causing difficulty in separating the stutter pattern of the first allele from the true predominant amplicon sizing of the second allele. The mononucleotide repeat loci, Bat-25 and Bat-26, are also subject to stutter and, as recently reported for Bat-26 26 and observed by the authors for Bat-25 (unpublished data), may also have a low occurrence of germline allele polymorphisms.
The amplicon length(s) for each locus are recorded, and a direct comparison of the amplicon lengths between normal and tumor is made. If the tumor specimen has novel amplicon lengths in relation to the patient's germline (normal) amplicon length(s) at a specific locus, this is considered a locus positive for MSI. Despite microdissection, some small degree of stromal tissue contamination of the tumor sample is essentially unavoidable; thus, both tumor and germline amplicons may (in fact, should) be present in the tumor specimen. Sufficient amplification needs to occur at each locus within the tumor sample to ensure that low level instability would be detected if present.
The parameters used for the diagnosis of MSI using the loci recommended by the NCI have been previously described. 22 In brief, MSI-High (MSI-H) requires shifting of two of the five NCI recommended loci (Ն30 to 40% of loci tested if more than five loci are analyzed). MSI-Low (MSI-L) is identified by shifting of one of the five NCIrecommended loci (Յ30 to 40% of loci tested if more than five loci are analyzed). The diagnosis of microsatellite stable (MSS) requires that none of the loci analyzed be shifted.
Quality Control
Accurate data interpretation requires meeting specific run criteria to ensure validity. The water control must be 
Results
Optimal Molar Ratios of Multiplexed PCR Primers Permit Simultaneous Amplification of All Five Recommended Primary Microsatellite Loci
Assay optimization involved identification of parameters important to the maximization of diagnostic accuracy, sensitivity, informativeness, and precision. Fluorescent labels were chosen such that the potential amplicons for each locus were sufficiently separated in size to prevent any potential overlap between PCR products (shifted or germline amplicons). Changes in fluorochrome assignments were made during optimization to enhance amplicon detection. For example, D2S123 was initially labeled in yellow (Hex), but was later moved to the green fluorochrome (Tet) to enhance its relative detectability.
Initial analysis verified that all five loci were amplified and detectable by fluorescent monoplex PCR and CE detection. The specificity of amplification was optimized by varying forward to reverse primer concentrations (presented below). After maximization of amplification specificity, the primer pair for Bat-26 was systematically mixed with additional loci, beginning with duplex PCR reactions and proceeding to full multiplex of all five loci. Finally, the relative molar amounts of the various locus primer sets were adjusted to produce simultaneous amplification where peak heights of the predominant amplicons varied by no more than threefold for all loci (Table 1) . Electropherogram data generated by the described assay, as applied to the control cell lines, can be seen in Figure 1 . In Figure 1A , we compare the radioactive format (left panel) to a fluorescent monoplex format (right panel), using normal and tumor cell lines assayed at the Bat-25 locus. In Figure 1B , the full multiplex electropherogram data are shown as applied to cell line samples Vaco670 and L670. Figure 1C shows the full multiplex assay result on tissue samples normal and tumor from validation sample 10. Each of the five loci produced amplicons within the appropriate size range, surrounded by stutter peaks of appropriate size, diminishing in intensity with increasing distance from the predominant peak (see Materials and Methods). Repeat analyses of the same control and validation specimens produced consistent amplicon sizing.
A Cross-Validation Study Establishes the Validity of the Fluorescent Multiplex Approach
Eighteen cases of colon cancer previously characterized by RMo-PAGE 23 (SR Hamilton, submitted) for the presence (14 cases) or absence (4 cases) of MSI were analyzed using the technique reported herein. Of the 14 cases diagnosed as MSI by RMo-PAGE, all 14 were diagnosed as MSI-H by FM-CE. Of the 4 cases shown to be MSS by RMo-PAGE, all four were MSS by FM-CE. Thus, of the18 cases analyzed, 100% showed overall diagnostic concordance between RMo-PAGE analysis and the FM-CE method (P ϭ 0.0003, Fisher's exact test, Table 2 ).
Varying the Forward Labeled to Reverse Unlabeled Molar Ratios Increases the Specificity of Amplification without Significant Loss of Amplicon Signal
Serial titration of labeled forward primer to unlabeled reverse primer was performed to determine whether nonspecific amplification could be eliminated while maintaining specific amplification (Parsons R, personal communication). Serial dilutions revealed that a forward to reverse primer dilution of 1:15 was optimal in reducing nonspecific amplicons while maintaining adequate specific amplicon signal (Figure 2) . At a forward to reverse primer ratio of 1:1 (Figure 2A) , amplification was suboptimal due detection of multiple nonspecific products, whereas at a forward to reverse ratio of 1:100 ( Figure 2D ) there was not enough forward primer present to allow generation of detectable PCR product. The ratio of 1:15 forward labeled to reverse primer was chosen as this primer ratio yielded the greatest specific amplicon product without loss of signal.
The Limit of Detection of FM-CE Is 2 to 10%
The limit of detection of tumor DNA mixed with normal DNA was tested. Tumor cell line DNA (Vaco 670) was serially diluted into germline DNA (L670). Using the criteria that amplicons from all five normal and tumor loci must be identified in the mixed sample, the consistent lower limit of detection for this assay is 10% tumor (shifted) alleles in 90% germline (unshifted) alleles (Figure 3) . The lower limit of detection for the multiplex assay is improved to 2 to 5% tumor detectable mixed into normal, when fewer than five loci are required to be detected. Sensitivity can be further enhanced as clinically indicated by using monoplex fluorescent PCR reactions.
Statistical Modeling of Multicomponent Testing
We have developed a statistical model to examine some of the interpretive considerations when multiple independent assays are combined to produce a single overall assay result (see Materials and Methods). This model is applicable to the problem of MSI testing where the results of instability assessment at several microsatellite loci are pooled together to establish an overall categorization (MSI-High, MSI-Low, or MSS) using the standard definitions. 22 We assumed that 100 tumors were analyzed, each of which has a defect which should result in MSI at all loci tested. The concept of informativity was created. We define informativity as the frequency that a given marker is unstable divided by the total number of MSI cases, and is therefore essentially the diagnostic sensitivity of a given microsatellite marker to detect the MSI phenotype when present. The model then assumes that the informativity of each locus is less than 100%, but that all loci are equally informative, and that each locus is an independent reporter of the phenotype. We initially set the informativity of each locus to 70% (a reasonable assumption based on our data of informativities ranging between 56 and 100% with an average of 73%; see Table  1 ). The number of loci analyzed varied from 3 to 7, as shown in Figure 4A . If only 3 loci are analyzed, the probability of misclassifying a tumor is almost 25%. They would be misclassified as either MSI-Low (19%) or MSS (2.7%). When five loci are analyzed, 97% of tumors are correctly diagnosed as MSI-High and only 3% are misclassified as MSI-Low. Next, we kept the number of loci constant at five and varied the informativity of the microsatellites from 50 to 100% ( Figure 4B ). This has a fairly large influence, where an unacceptable number of tumors are misdiagnosed when the informativity of the loci drops to 50% (3% of cases erroneously called MSS, and 16% called MSI-Low) or an informativity of 60% (8% of cases called MSI-Low). Seventy percent informativity is probably adequate where the percentage of cases misdiagnosed as MSI-Low drops to only 3%. Thus, despite some oversimplification, the model provides a means for examining quantitatively the number of loci that should be analyzed, given defined informativity parameters, to provide adequate sensitivity and specificity for clinical testing. 
Discussion
The reported FM-CE assay is an advance in the field of MSI analysis primarily due to the fivefold reduction in cost and time required for its performance, in comparison with traditional formats. This multiplex PCR assay permits significant technical simplification, in conjunction with automated analysis, allowing relatively high-throughput analysis of tumor MSI status, limited primarily by the need for microdissection. CE technology also clearly provides ad- Sample number  RMo-PAGE result  FM-CE result   1N, 1T  MSI-H  MSI-H  2N, 2T  MSI-H  MSI-H  3N, 3T  MSI-H  MSI-H  4N, 4T  MSI-H  MSI-H  5N, 5T  MSS  MSS  7N, 7T  MSI-H  MSI-H  8N, 8T  MSI-H  MSI-H  9N, 9T  MSS  MSS  10N, 10T MSI vantages in both analysis and management of data. Among these is the ability to generate quantitative information about the relative amounts of amplicons present in a specimen based on peak height data. This ability allows for more accurate assessment of phenomena such as stutter, or allele shift patterns, 18 and may aid in study of the patterns of MSI phenotypes and their potential correlation with different underlying MMR defects, such as seen in GTBP/hMSH6 altered tumors 27 (see below). The limit of detection of the assay can theoretically be manipulated as a function of amplicon loading adjustments and altered run parameters. From a practical standpoint, data storage, retrieval, and processing is entirely electronic, a significant improvement over data storage using autoradiographs. The reported assay should facilitate both clinical testing and accrual of research data by increasing assay throughput and permitting data analysis on a large scale. The clinical utility of such an assay is well recognized for screening of suspicious tumors to initiate the process of identifying HNPCC families. 20, 22 The assay may also be useful as a prognostic marker 18, 19 or potentially in the elucidation of the pharmacogenetic properties of a tumor (SR Hamilton, submitted).
The limit of detection of this multiplex assay for low numbers of alleles shifted due to MSI is comparable to, although somewhat less than, the lower limits of detection previously reported for RMo-PAGE. 28 Our multiplex assay, which has a limit of detection of 2 to 10%, has proven adequate to detect allele shifts in all of the microsatelliteunstable cases in our CRC validation study. It would be an uncommon clinical situation in which microdissection could not enhance the tumor cell content of a specimen sufficiently to permit identification of microsatellite shifts at the limit of detection we have attained. In addition, in the event that increased sensitivity is required, any of the loci tested by the multiplex assay can be separated into a monoplex analysis, lowering the potential limit of detection to 1 to 5 cells in 100.
The statistical model presented is useful in understanding several facets of MSI testing, which can be extrapolated to other clinical testing situations. The clinical validation data presented confirm that FM-CE compares favorably with RMo-PAGE analysis; we appropriately diagnosed no cases as MSI-Low. When cases are interpreted as MSI-L (1/5 shifted loci) the question remains as to how such lesions should be classified clinically. Several theories have been proposed to explain the MSI-L diagnosis.
It is possible that the shifting phenotype seen in MSI-L reflects spontaneous background mutations, which occur at increased rates in microsatellites 15 in comparison with coding regions. 29 It is highly unlikely that two microsatellite regions tested by a small panel of markers would coincidentally be mutated as part of the spontaneous background rate possessed by microsatellite regions. The unlikely chance occurrence of random mutation at more than one assayed marker supports the analysis of additional markers in MSI-L cases, to confirm or refute that the tumor has only a single shifted marker. It is also possible that an MSI-L phenotype could relate to unique MSI phenotypes such as that reportedly seen in association with defects of GTBP/hMSH6. Because GTBP abnormalities are associated with mononucleotide instabil- ity, 30 they would be predicted to manifest as a muted MSI phenotype. 27, 31 Analysis of this type of lesion with the microsatellite panel described here may reduce the number of loci functionally analyzed from 5 to 2, by effectively eliminating the dinucleotide markers. Finally, the statistical model predicts that the finding of MSI-Low will in some instances be due to insensitivity of the assay as a whole, reflecting a combination of locus informativities which are less than 100% in conjunction with testing of a limited number of loci. One can use the model to predict how and to what degree the assay will lose sensitivity, given known locus informativities and the number of tests to be combined to render a single diagnosis.
Thus, one may use the model to predict either the locus informativity required to attain a certain level of assay sensitivity, given a certain number of tests being performed, or to determine the number of loci that must be tested to attain a level of sensitivity, given certain informativities. In a situation where the overall testing sensitivity may be limited, as is may be the case in MSI-Low phenotypes, the model justifies the use of additional testing loci. We used five to six additional loci from a list of backup microsatellites proposed at the NCI conference to further test cases with an initial diagnosis of MSI-Low. The model is also helpful in justifying the initial analysis of five loci to diagnose MSI, given a certain average level of locus informativity. It also emphasizes the importance of finding sets of microsatellite loci which are optimally informative for each tumor type, because the overall sensitivity of the test drops off substantially as the average of individual component informativity drops below 70%. In this regard, the independence of marker informativities is critically important because, according to the model, if markers are always shifted in exactly the same tumors, the redundancy effectively eliminates a number of loci analyzed.
The model described here should find useful applications in a variety of pathology testing situations, where multiple independent assays are used together to establish a single combined diagnostic result. It provides a means of determining how many independent component assays, with specific informativities, will be required to achieve an acceptable overall diagnostic sensitivity and allows one to predict for assay failures, identify problem situations, and preemptively create backup plans for the management of these situations.
The fluorescence multiplex assay presented has many advantages over conventional MSI analysis. This assay is logistically and financially more feasible in a clinical molecular diagnostic setting, and the results generated compare favorably to standard analysis techniques. The multicomponent testing statistical model validates the utility of analyzing five loci and also allows for prediction of and planning for assay failure. Lastly, the assay has great utility in MSI research applications, as it allows for relatively high throughput, analysis, storage, and management of MSI data. These capabilities may greatly streamline the generation, maintenance and comparability of MSI databases in the future.
